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Rab coupling protein is selectively degraded by calpain in a
Ca2+-dependent manner
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RCP (Rab coupling protein) belongs to the recently identified
Rab11-FIPs (Rab11 family of interacting proteins). All the Rab-
FIP members have the ability to bind Rab11 tightly via a Rab-bind-
ing domain located near their C-termini. RCP belongs to the
class I Rab11-FIP subfamily, characterized by the presence of a
conserved C2 domain near its N-terminus. The function of this
protein in Rab11-dependent membrane trafficking remains to be
fully understood. In the present study, we have identified three
putative PEST (Pro, Glu, Ser/Thr-rich) sequences in RCP. PEST
motifs play a role in targeting a protein for proteolytic degradation.
We have demonstrated that RCP undergoes calcium-dependent
degradation which can be prevented by specific calpain inhibitors.
Using a mutant, lacking the three PEST sequences, RCP�PEST, we

demonstrated that they are necessary for the cleavage of RCP by
calpains. When expressed in A431 cells, RCP�PEST displays signi-
ficantly greater localization to the plasma membrane, compared
with the wild-type protein. Similarly, treatment with the calpain
inhibitor, calpeptin, results in the redistribution of endogenous
RCP to the periphery of the cell. We propose that once the
Rab11/RCP-regulated cargo has been delivered from the endo-
cytic recycling compartment to the plasma membrane, RCP is
inactivated by calpain-mediated proteolysis.

Key words: calpain, endocytic recycling compartment, Pro, Glu
and Ser/Thr-rich motif (PEST motif), Rab coupling protein,
Rab11.

INTRODUCTION

Membrane transport in eukaryotic cells is a complex process that
is regulated by a large and diverse array of proteins. The Rab
family of small GTPases, comprising approx. 60 members, are key
regulators of intracellular transport. Each Rab GTPase appears
to control a specific membrane transport pathway. Individual
GTPases have been implicated in regulating the budding, move-
ment and the delivery of transport vesicles along distinct transport
pathways. Their subcellular localization defines the pathway that
they regulate [1]. For example, Rab4, localized predominantly at
the sorting endosome, regulates the transport of cargo from this
compartment to either the degradative or the recycling pathway
[2–4]. Rab11 is localized to the ERC (endocytic recycling com-
partment) [5] and the TGN (trans-Golgi network) [6] and regu-
lates transport from the ERC to the plasma membrane, or traffic
between the TGN and ERC [7,8].

The regulation of these transport pathways is far from fully
understood, and a major challenge is the identification and charac-
terization of effector proteins through which the Rab GTPases
mediate their functions. We, and others, have identified several
proteins that interact with Rab11. These include Rab11BP/Rab-
philin-11 [9,10], myosin Vb [11] and the Rab11-FIP (Rab11-fam-
ily interacting protein) family [12–16]. To date, the Rab11-FIP
family comprises six members, all characterized by the presence
of a conserved RBD (Rab-binding domain) at their C-terminus.
The family can be subdivided further into three classes, based on
their amino acid sequence [17,18]. Class III comprises just one
member, Rab11-FIP1. Rab11-FIP3 and Rab11-FIP4 make up the
class II Rab11-FIPs. They both possess an ERM (ezrin/radixin/
moesin) domain, calcium-binding EF hand motifs, and a proline-
rich region. They are localized to the ERC, TGN and centrosomes
[15,16,19,20]. Rab11-FIP3 and Rab11-FIP4 were also identified

as Arf (ADP-ribosylation factor) GTPase-binding proteins and
were termed arfophilin-1 and arfophilin-2 respectively [20–22].
They are believed to play a role in membrane delivery to the cleav-
age furrow during cell division [19,20,23]. The class I Rab11-
FIPs, including Rab11-FIP2, Rip11 and RCP (Rab coupling
protein), are characterized by the presence of a conserved C2
domain near the N-terminus [12,14,15], which mediates their
binding to phospholipids at the plasma membrane [24]. The
three class I Rab11-FIPs are mainly localized to the ERC, but
their specific roles in intracellular trafficking remain to be clearly
understood. Rab11-FIP2 was found to interact with myosin Vb
and appears to function in plasma membrane recycling [25].
Indeed, the expression of a dominant-negative mutant of Rab11-
FIP2 reduced Tfn (transferrin) [26] and chemokine receptor
CXCR2 recycling [27]. These data suggest that the Rab11-
FIP2–Rab11 complex could mediate the movement of recycling
vesicles along actin filaments via binding to myosin Vb. RCP
was identified as a Rab4-binding protein in a yeast two-hybrid
screen, and subsequent analysis revealed that it could also bind
Rab11 with high affinity, suggesting that it may serve as a
Rab4/Rab11 coupling protein [14]. RCP is also involved in
regulating the traffic of cargo from the ERC to the plasma
membrane. Indeed, overexpression of a C-terminal truncation
mutant of RCP inhibited the recycling of radiolabelled Tfn to the
plasma membrane [14]. In addition, RCP was found to regulate
recycling from phagosomes in macrophages [28] and has been
implicated in endosomal sorting [29].

In the present study, we identified three PEST (Pro, Gly and Ser/
Thr-rich) motifs in RCP, located between the C2 domain and
the RBD. PEST sequences have been shown to serve as targets
for calcium-activated proteases, calpains [30–34] and also the
proteasome complex [32,35,36]. To determine if the putative
PEST motifs in RCP target it for regulated degradation, and to
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identify the mechanism of this degradation, we first set out
to determine whether RCP is selectively degraded in the presence
of calcium. We observed that treating cells with increasing con-
centrations of calcium triggers the degradation of RCP, and this
degradation can be abolished by addition of specific calpain in-
hibitors. The involvement of PEST sequences in this calcium-
regulated degradation was validated using an RCP mutant in
which the PEST sequences were removed (RCP�PEST). Interest-
ingly, in immunofluorescence studies, we found that this mutant
was localized predominantly to the cell periphery where it co-
localized with Rab11. Finally, we propose a model for a role of
the PEST sequences in RCP function.

MATERIALS AND METHODS

cDNA construct and cloning

pcDNA3.1/HisB-RCPWT was generated by subcloning the BamHI
fragment from pEGFP-C3/ RCP [24] into the BamHI site of
pcDNA3.1/HisB (Invitrogen). pcDNA3.1/HisB-RCP�PEST was
made in two steps. First, pcDNA3.1/HisB-RCP(2−181) was cre-
ated: cDNA encoding RCP(2−181) was generated by PCR using
RCPFWD (5′-AAAAGGATCCATCCCTAATGGTCTCGGCT-
3′) and RCPC2REV (5′-AAAAGAATTCTTCTTCCCTCTGAT-
CTTGTC-3′) and ligated into the BamHI/EcoRI site of
pcDNA3.1/HisB. Secondly, cDNA encoding RCP(379−649) was
obtained by digesting pcDNA3.1/HisB-H13 [14] with EcoRI,
and the resulting fragment was subcloned into the EcoRI site
of pcDNA3.1/HisB-RCP(2−181). All the constructs generated by
PCR were confirmed by double-strand sequencing.

Cell culture and immunofluorescence

A431 cells were maintained in culture in DMEM (Dulbecco’s
modified Eagle’s medium) (BioWhittaker) supplemented with
10% (v/v) foetal bovine serum, 100 units/ml penicillin,
100 mg/ml streptomycin, 2 mM glutamine and 25 mM Hepes,
pH 7.4, at 37 ◦C in a water-saturated atmosphere containing 5%
CO2. Transfections were carried out using Effectene transfection
reagent (Qiagen), according to the manufacturer’s instructions. At
24 h post-transfection, the cells were fixed with 3% (w/v) para-
formaldehyde and mounted with Mowiol (Calbiochem). For anti-
body labelling, the cells were permeabilized with 0.05% (w/v)
saponin supplemented with 0.2% (w/v) BSA. Primary antibodies
were used at the following dilutions: rabbit affinity-purified anti-
RCP [14] (1:200), mouse anti-ZO-1 (zonula occludens-1) (1:150)
(BD Transduction Laboratories), mouse anti-Xpress (1:1500)
(Invitrogen), rabbit anti-Rab11A (1:1500) (Zymed Laboratories),
rabbit affinity-purified anti-Rab11-FIP3 [19] (1:150), mouse anti-
TfnR (Tfn receptor) (1:1000) (Roche Molecular Biochemical).
With the exception of the Cy3-labelled donkey anti-rabbit secon-
dary antibody, purchased from Jackson Immunoresearch and used
at 1:2000 dilution, secondary antibodies were from Molecular
Probes and were used at 1:200 dilution: Alexa Fluor® 488 goat
anti-mouse, Alexa Fluor® 594 goat anti-mouse and Alexa Fluor®

488 goat anti-rabbit. Images were acquired on a Zeiss LSM 510
confocal microscope using a PlanApo 63×, 1.4 NA (numerical
aperture) oil-immersion objective. Images were processed using
Image Examiner software (Carl Zeiss) and imported into Adobe
Illustrator for printing.

Alexa Fluor® 594–Tfn uptake and chase

A431 cells, grown on glass coverslips as a monolayer, were
washed twice with DMEM/25 mM Hepes then pre-treated with
30 µg/ml calpeptin (Calbiochem) or solvent alone (DMSO) for
3 h in DMEM/25 mM Hepes. After this pre-treatment, cells were

incubated in DMEM/25 mM Hepes/3.3 µg/ml Alexa Fluor® 594–
Tfn (Molecular Probes) plus calpeptin (30 µg/ml) or DMSO for
45 min at 37 ◦C (uptake). The uptake samples were briefly washed
with ice-cold PBS and immediately fixed with 3% (w/v) para-
formaldehyde. For the chase samples, Alexa Fluor® 594–Tfn was
allowed to recycle for 30 min at 37 ◦C in DMEM/25 mM Hepes/
333 µg/ml holotransferrin/0.1 mM desferroxamine (Sigma) with
30 µg/ml calpeptin or DMSO. Following the chase, the cells
were washed with ice-cold PBS and fixed with 3 % (w/v) para-
formaldehyde.

Analysis of RCPWT and RCP�PEST phenotypes

A431 cells were transfected with either pcDNA3.1/HisB-RCPWT

or pcDNA3.1/HisB-RCP�PEST. At 24 h after transfection, cells
were fixed and processed for immunofluorescence. The recombin-
ant proteins were detected with the anti-Xpress antibody. The
intracellular localization phenotype (I) was defined as a vesicular
pattern with no fusion protein localization at the periphery of the
cell (see Figure 5A, RCPWT). The plasma membrane localization
phenotype (P.M.) was defined as a presence of the fusion protein
at the periphery of the cell (see Figure 5A, RCP�PEST). For both
constructs, we analysed 50 transfected cells per experiment in
simple blind conditions. The results are expressed as the mean
(from three independent experiments) of the percentage +− S.D. of
cells representing each phenotype.

In vitro RCP degradation

Confluent A431 cells in six-well plates were washed twice with
PBS then lysed in 150 µl/well of lysis buffer (10 mM Tris/HCl,
pH 7.4, 100 mM NaCl, 1 mM dithiothreitol and 0.5% Triton X-
100) containing CaCl2 with or without various inhibitors [5 µM
calpastatin (Calbiochem), 30 µg/ml calpeptin, 5 mM EGTA and
10 µM lactacystin (Calbiochem)] for 25 min on a rocking plat-
form at room temperature (20 ◦C). Reactions were stopped by
adding 75 µl of SDS sample buffer, and samples were denatured
for 5 min at 95 ◦C. Each sample (20 µl) was used for SDS/PAGE
and Western blotting analysis.

In vivo RCP degradation

Confluent A431 cells in six-well plates were washed twice with
DMEM/25 mM Hepes and treated with DMEM/25 mM Hepes
with or without various drugs at the following concentrations:
1 µM ionomycin (Calbiochem), 30 µg/ml calpeptin and 5 mM
EGTA. After the indicated incubation times, the cells were washed
with PBS/5 mM EGTA and lysed in 150 µl of lysis buffer/5 mM
EGTA for 15 min at 4 ◦C. SDS sample buffer (75 µl) was added,
proteins were denatured for 5 min at 95 ◦C, and 20 µl of each
sample was used for SDS/PAGE and Western blotting analysis.

SDS/PAGE and Western blotting

Proteins were resolved on SDS/10% PAGE, transferred on to
nitrocellulose, and the membrane was blocked for 1 h at room
temperature in blocking buffer [TBS (Tris-buffered saline: 10 mM
Tris/HCl, pH 8, and 150 mM NaCl)/0.1% (v/v) Tween 20/5%
(w/v) non-fat dried milk] then probed with rabbit polyclonal anti-
RCP [14] antibody at 1:1000 dilution in blocking buffer for 1 h.
The membrane was washed with TBS/0.1 % (v/v) Tween 20
and incubated with horseradish-peroxidase-conjugated anti-
rabbit antibody (Sigma) at 1:2000 in blocking buffer for 1 h.
Secondary antibody was revealed using chemiluminescence re-
agent (Pierce). After RCP revelation, the membrane was washed
extensively and probed with mouse anti-β-actin (Sigma) antibody
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at 1:20000 dilution in blocking buffer for 1 h. The membrane
was washed with TBS/0.1% (v/v) Tween 20 and incubated
with horseradish-peroxidase-conjugated anti-mouse antibody at
1:2000 in blocking buffer for 1 h. Secondary antibody was re-
vealed using chemiluminescence reagent.

RCPWT and RCP�PEST in vitro calcium-induced degradation

A431 cells in a six-well plate were transfected with pcDNA3.1/
HisB-RCP or pcDNA3.1/HisB-RCP�PEST. At 24 h post-trans-
fection, cells were scraped in 400 µl/well of lysis buffer and di-
vided in two equal volumes, transferred into 1.5 ml tubes and
incubated in the presence or absence of 5 mM CaCl2 for 25 min
at room temperature. The reaction was stopped by adding SDS
sample buffer, with denaturation for 5 min at 95 ◦C. Western-blot
analysis was carried out as described above. The immunoreact-
ivity intensity of RCPWT and RCP�PEST (both revealed by anti-
RCP antibody) was quantified by densitometry using GeneTools
(Syngene) analysis software. The percentage of degradation of
RCPWT or RCP�PEST in the presence of calcium was calculated as
follows:

Degradation (%) = [1 − (Pcal/Pcont)] × 100

where Pcal = immunoreactivity intensity of RCPWT or RCP�PEST in
cells incubated in the presence of 5 mM CaCl2, Pcont = immuno-
reactivity intensity of RCPWT or RCP�PEST in cells incubated in
the absence of calcium.

RESULTS

PEST sequences are found in RCP and class II Rab-FIPs

Vac17p, a vacuole-specific receptor for the yeast class V myosin
Myo2p, undergoes regulated degradation. This degradation is
perturbed by the removal of a PEST domain located in the centre
of the Vac17p sequence [37]. The degradation of Vac17p has
been proposed to be a means of regulating the function of Myo2p.
Rab11-FIP2 has recently been shown to interact directly with the
mammalian class V myosin, myosin Vb, and is likely to act as an
organelle-specific receptor for this motor protein [25]. To deter-
mine whether a similar regulatory mechanism exists in mammals,
we set out to determine whether Rab11-FIP2 possesses any PEST
motifs. Using the PESTfind software (http://emb1.bcc.univie.
ac.at/embnet/tools/bio/PESTfind/) [32], we obtained no signifi-
cant PEST motif ‘hits’ in the Rab11-FIP2 sequence; however,
RCP, and both class II Rab11-FIPs, Rab11-FIP3 and Rab11-
FIP4, possess multiple significant PEST motifs (Table 1; a score
greater than +5 is considered significant). As the highest scoring
motifs were found in RCP (Table 1), we have initially focused our
analysis on this protein. PEST sequences are found in numerous
bacterial, plant, and mammalian proteins [32], so we set out to
determine whether there was a conservation of these sequences
among Rab11-FIP proteins throughout evolution. Indeed, we have
found PEST sequences in Rab11-FIP orthologues from mouse,
rat, Fugu and Drosophila melanogaster. Figure 1(A) represents
a partial ClustalW alignment of mouse RCP (mRCP) and human
RCP (hRCP). We used PESTfind to determine the presence
of PEST sequences and found that mRCP has four putative
PEST motifs (score: +10.95, +6.67, +10.27 and +10.24)
which are partially aligned with those of hRCP (Figure 1A). In
Fugu, we found four putative class II Rab11-FIP orthologues,
two of which have putative PEST sequences. The Drosophila
orthologue of class I Rab11-FIPs, CG6606-PA, contains two
potential PEST sequences (results not shown). We also found

Table 1 PEST sequences in Rab11-FIPs family

The amino acid sequences of each human Rab11-FIP family member were analysed using the
PESTfind software. Identified PEST motifs, corresponding amino acid numbers (in brackets)
and scores are indicated.

Protein PEST sequence (amino acids) Score

RCP PEST1 (182–209) +11.76
PEST2 (249–275) +13.32
PEST3 (336–347) +20.33

Rab11-FIP2 No PEST found
Rip11 No PEST found
Rab11-FIP3 PEST1 (1–40) +11.76

PEST2 (111–144) +9.88
PEST3 (191–206) +7.85
PEST4 (267–333) +7.53
PEST5 (333–363) +9.73
PEST6 (437–465) +7.98

Rab11-FIP4 PEST1 (129–175) +12.10
PEST2 (192–204) +6.31
PEST3 (204–239) +13.91

Figure 1 PEST sequence are evolutionarily conserved in RCP homologues

(A) ClustalW alignment of the central amino acid sequences of mouse RCP (mRCP) and human
RCP (hRCP). The potential PEST sequences are shown against a grey background. (B) Schematic
representation of RCP and RCP�PEST. Representation of human RCP (RCP) with its C2 domain,
coiled-coil (c-c) domain, RBD and predicted PEST sequences. RCP�PEST represents an RCP
truncation lacking the three PEST sequences and comprises the N-terminal domain including
the C2 domain (amino acids 2–181) fused with the C-terminus (amino acids 379–649) end
containing the RBD.
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Figure 2 Endogenous RCP is degraded by calpain in vitro

(A) A431 cells were lysed in buffer containing increasing amounts (0–5 mM) of CaCl2 for
25 min. (B) A431 cells were lysed in buffer containing 5 mM CaCl2 plus the indicated inhibitor
for 25 min at room temperature. The samples were analysed by SDS/PAGE and immunoblotted
with anti-RCP or anti-β-actin antibody as a control for equal loading. The results shown are
representative of three independent experiments.

that the Drosophila orthologue of the class II Rab11-FIPs, Nuf
(Nuclear Fallout), has one potential PEST sequence (score:
+6.81). These data suggest that the presence of PEST sequences
in Rab11-FIP proteins is conserved throughout evolution.

Endogenous RCP is degraded by calpains in A431 cells

Proteins that contain PEST sequences are generally targeted by
the proteasome [32,35,36] or by members of the calpain protease
family [30–34]. Since calpains are activated by calcium, we
investigated whether there was a calcium-dependent degradation
of RCP. We prepared cell lysates from the human A431 squa-
mous cell carcinoma cell line in the presence of increasing con-
centrations of CaCl2. Under these conditions, a dose-dependent
degradation of RCP was observed (Figure 2A). Partial degradation
was observed with 0.5 mM CaCl2, and degradation was almost
complete at 5 mM CaCl2. When cell lysates were incubated with
EGTA, a calcium chelator, degradation was prevented (Figure 2B,
rightmost lane), demonstrating that the presence of calcium trig-
gered the degradation event. To determine if calpains mediate RCP
degradation, calpain inhibitors were added to the lysis buffer in
addition to 5 mM CaCl2. Both calpeptin and calpastatin, a more
specific peptide inhibitor, prevented RCP degradation. In contrast,
the proteasome inhibitor lactacystin failed to inhibit degradation
(Figure 2B). These results indicate that calpains and not the pro-
teasome play a role in the proteolysis of RCP. Since the concen-
tration of calcium required to degrade RCP was in the millimolar
range, it is likely that M-calpain is preferentially involved.

To demonstrate that the calcium-regulated degradation of RCP
occurs in living cells, and is not a consequence of the lysis pro-
cedure, the Ca2+ ionophore, ionomycin, was added to the culture
medium. Upon exposure to 1 µM ionomycin for increasing times,
we observed a concomitant increase in the degradation of RCP.
This degradation occurred rapidly, as soon as 5 min, and was
complete after 30 min (Figure 3A). The degradation of RCP fol-
lowing ionomycin exposure involved calcium entry into the cells,
since pre-treatment with the cell-impermeant calcium chelator,
EGTA (5 mM for 15 min) before ionomycin addition, pre-
vented RCP degradation (Figure 3B). Similarly, treating the
cells with calpeptin (30 µg/ml for 60 min) before ionomycin

Figure 3 Endogenous RCP is degraded by calpain in vivo

(A) A431 cells were treated with 1 µM ionomycin for increasing times (0–60 min) and
resuspended in lysis buffer containing 5 mM EGTA to avoid any further degradation of RCP.
(B) A431 cells were pre-treated with 5 mM EGTA for 15 min, or 30 µg/ml calpeptin for 60 min,
before treatment with 1 µM ionomycin for 30 min. The cells were then resuspended in lysis
buffer containing 5 mM EGTA. The samples were analysed by SDS/PAGE and immunoblotted
with anti-RCP or anti-β-actin antibody as a control for equal loading. The results shown are
representative of three independent experiments.

exposure abolished degradation (Figure 3B). Thus RCP undergoes
proteolysis by calpain in a calcium-dependent manner, both
in vitro and in living cells.

RCP vesicles accumulate at the plasma membrane upon calpeptin
treatment in A431 cells

We examined the localization of endogenous RCP in A431 cells
treated with calpeptin for increasing lengths of time. After 30 min
of calpeptin treatment, RCP localization at the ERC was sig-
nificantly reduced. At 3 h after calpeptin addition, the majority of
RCP had translocated from the ERC and intracellular vesicles to
the periphery of the cell, where it displayed a striking ‘honey-
comb’ pattern in A431 monolayers (Figure 4A). Close exami-
nation of RCP in these cells revealed that it localized to vesicles
in the vicinity of the plasma membrane (labelled with ZO-1)
(see Supplementary Figure 1 at http://www.BiochemJ.org/bj/389/
bj3890223add.htm). This peripheral localization of RCP in cells
treated with a calpain inhibitor is consistent with a model in which
RCP is targeted for degradation by calpain upon delivering its
cargo to the plasma membrane. In agreement with this model is the
recent proposal that M-calpain is activated by ERK (extracellular-
signal-regulated kinase) at the plasma membrane, and that this is
the location where it performs its cellular functions [38].

We also investigated the effect of calpeptin on the localization
of a number of endosomal markers. As expected, when A431 cells
are treated with calpeptin for 3 h, we observed a shift of Rab11
staining from the ERC to the cell periphery, similar to RCP
(Figure 4B). Rab11-FIP3, which, like RCP, also has putative PEST
sequences, did not translocate to the plasma membrane upon cal-
peptin treatment (Figure 4B). Rab11-FIP3 has not been implicated
in ERC to plasma membrane transport [19] and therefore may
undergo regulated degradation at a different location within the
cell. Since RCP has been shown to be involved in Tfn trafficking
in HeLa cells [14,29] and RAW macrophages [28], we investi-
gated the effect of calpeptin on the TfnR pattern. Treatment
with calpeptin induced the formation of large TfnR-positive vesi-
cles near the cell surface (Figure 4B). However, these vesicles
were not positive for RCP (see Supplementary Figure 1 at http://
www.BiochemJ.org/bj/389/bj3890223add.htm). These data sug-
gest that the primary role of RCP may not be in the recycling of
Tfn in A431 cells. To investigate this, we compared further the
internalization and recycling of Alexa Fluor® 594–Tfn in cells
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Figure 4 RCP is redistributed to the plasma membrane following calpeptin treatment

(A) A431 cells were treated with calpeptin (30 µg/ml) or solvent (DMSO) alone for the indicated times. The cells were then fixed and labelled with anti-RCP. (B) Cells treated with solvent alone
(DMSO) or 30 µg/ml calpeptin for 3 h were fixed and labelled for RCP, Rab11A, TfnR or Rab11-FIP3. Scale bar, 10 µm.

treated with, or without, calpeptin. A431 cells were pre-treated
with calpeptin for 3 h and were then allowed to internalize Alexa
Fluor® 594–Tfn continuously for 45 min. The Tfn accumulated in
large peripherally located vesicles, whereas, in control cells, the
Tfn labelled a larger number of smaller vesicles throughout
the cytoplasm, and concentrated in the perinuclear region (see
Supplementary Figure 2 at http://www.BiochemJ.org/bj/389/
bj3890223add.htm). In both control and calpeptin-treated cells,
there was no significant co-localization between the Alexa Fluor®

594–Tfn and RCP (results not shown). The recycling of Tfn back
out of the cell was somewhat inhibited in the calpeptin-treated
cells, as can be seen when the fluorescent transferrin was chased
with excess unlabelled ligand after the initial uptake. In control
cells, virtually no Alexa Fluor® 594–Tfn remained after the chase,
whereas in the calpeptin-treated samples, there was still some
fluorescent Tfn visible in the enlarged vesicles (see
Supplementary Figure 2 at http://www.BiochemJ.org/bj/389/
bj3890223add.htm). Since RCP does not display any significant
co-localization with Tfn at any point along its transport pathway,
we believe that RCP is not involved in regulating Tfn recycling.
This is consistent with the observation that Rab11A is not involved
in the basolateral recycling of Tfn in polarized cells, rather
it regulates transcytosis and apical recycling [39]. The minor
inhibition of Tfn recycling out of the cell upon calpeptin treatment

is probably due to the inhibitor affecting other components of the
Tfn-trafficking machinery.

RCP�PEST is localized to the plasma membrane

If the PEST sequences in RCP do serve as calpain recognition/
cleavage motifs, we hypothesized that the calpeptin effects on en-
dogenous RCP localization would be mimicked by an RCP mutant
lacking the PEST sequences. To test this hypothesis, we generated
an RCP mutant in which the PEST motifs had been removed,
RCP�PEST (Figure 1B). Wild-type and mutant RCP constructs were
transfected into A431 cells and the recombinant proteins were ex-
pressed for 24 h. We found that deletion of the PEST sequences
in RCP increased its resistance to degradation in the presence
of calcium (Figure 5D; 57.1 +− 8% for RCPWT compared with
26.1 +− 5.8% for RCP�PEST), suggesting that these motifs are tar-
geted by calpain for RCP degradation. For immunofluorescence
studies, the cells were fixed, and the recombinant proteins were
visualized with an antibody that recognizes a small epitope
(Xpress) fused to their N-termini. The majority of cells expressing
RCPWT displayed a punctate vesicular localization, with a
concentration of the fusion protein in the pericentrosomal region,
a pattern very similar to that of endogenous RCP (Figure 5A).
In contrast, the RCP�PEST fusion protein displayed significant
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Figure 5 For legend see facing page
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localization to the cell periphery in vesicles adjacent to the plasma
membrane (Figure 5A), a situation comparable with endogenous
RCP after calpeptin treatment. For both RCPWT and RCP�PEST,
we counted the number of cells that displayed plasma membrane
labelling, and expressed the results as a percentage of the total
number of transfected cells counted. We defined two phenotypes,
intracellular (I) and plasma membrane (P.M.). The majority of
RCPWT-expressing cells displayed an intracellular phenotype,
with only 26.6 +− 4.6% showing any plasma membrane labelling.
In contrast, 77.3 +− 2.3% of cells expressing RCP�PEST displayed
a plasma membrane phenotype (Figure 5B). Thus these data
correlate with our inhibitor studies, in that the inability of calpain
to cleave RCP results in the accumulation of RCP-positive vesicles
in the vicinity of the plasma membrane. As expected, we found
that expression of RCP�PEST also causes a redistribution of Rab11
vesicles to the plasma membrane vicinity (Figure 5C).

DISCUSSION

Rab11 is a small GTPase that is involved in regulating the trans-
port of molecules from the ERC to the plasma membrane. It is
also believed that Rab11 plays a role in transport between ERC
and TGN. The precise molecular mechanisms by which Rab11
controls endosomal recycling remain to be clarified. One ap-
proach used by several groups has consisted of identifying new
Rab11-interacting proteins through which it mediates its func-
tions. This approach has led to the identification of the Rab11-FIP
family which comprises Rip11, Rab11-FIP2, RCP, Rab11-FIP1,
Rab11-FIP3 and Rab11-FIP4. While these proteins display a
strong interaction with Rab11, their specific roles in Rab11-
mediated membrane transport remain unclear. It seems that the
class I Rab11-FIPs (Rip11, RCP and Rab11-FIP2) are involved
in the receptor recycling pathways [14,26,27,29,40]. For the class
II Rab11-FIPs (Rab-FIP3 and Rab11-FIP4), their ability to bind
Arf GTPases in addition to Rab11 suggests that they act as ‘mol-
ecular links’ that couple the pathways regulated by these small
GTPases. Recent data provide evidence for a role of these pro-
teins in membrane delivery during cell division [19,20,23]. To
understand further the function of the Rab11-FIPs, we set out
to study how the function of these proteins could be regulated.

In the present paper, we report that RCP contains PEST se-
quences that act as signals for its regulated degradation. PEST
motifs have been reported to act as targets for calpain proteases
[30–34] or the proteasome [32,35,36]. We provide several lines
of evidence in the present study indicating that calpain proteases,
and not the proteasome, degrade RCP in a calcium-dependent
manner. An RCP-truncation mutant that lacks the PEST motifs
is resistant to calcium-induced degradation, strongly implicating
these domains as serving to target the protein for calpain proteo-
lysis [31]. Calpains are Ca2+-activated proteases that exist as two
major ubiquitously expressed isoforms, M-calpain and µ-calpain.
They were named with reference to the concentrations of calcium
required for their activation in vitro. M-calpain is activated

by millimolar Ca2+ (0.2–1 mM) and µ-calpain is activated by
micromolar concentrations (5–50 µM) [41]. In our system, the
A431 cell line, the high calcium concentration requirement for
inducing RCP proteolysis suggests an involvement of M-calpain.
Nevertheless, we cannot rule out the involvement of µ-cal-
pain, since M- and µ-calpain can cleave the same substrates [42].
Since the high concentrations of calcium required to activate
M-calpain in vitro are never found within the cell, it is likely
that there are other pathways involved in activating this isoform
in vivo. Recently, it has been shown that such a mechanism could
involve EGF (epidermal growth factor) and ERK [38].

We demonstrated previously that the C2 domain of the class I
Rab11-FIPs preferentially binds the phospholipids PtdIns-
(3,4,5)P3 and phosphatidic acid. Both are present in the plasma
membrane, and we proposed that they serve as a target for the
Rab11-FIP-containing transport vesicles that emanate from
the ERC. Indeed, when PtdIns(3,4,5)P3 or phosphatidic acid pro-
duction is stimulated, these proteins can translocate to the plasma
membrane [24]. Interestingly, we observed a similar phenomenon
in cells treated with calpeptin in which RCP redistributed from
intracellular vesicles to the cell periphery (Figure 4). This effect is
also mimicked by the RCP�PEST mutant, which displays more pro-
minent localization at the plasma membrane and peripheral vesi-
cles in comparison with RCPWT (Figure 5). These results strongly
suggest that calpain cleavage of RCP occurs at the plasma
membrane. Indeed, at the resting state, calpains (this general name
refers to the two most studied: M- and µ-calpain) are localized
in the cytosol and, upon an increase of intracellular calcium, they
translocate to the plasma membrane, where they are activated by
calcium and phospholipids. Once activated, they cleave their sub-
strates either in the cytoplasm or at the plasma membrane [43].
We propose a model in which RCP mediates the transport or
docking of recycling vesicles to the plasma membrane. Once
delivery of the cargo has been accomplished, RCP function is
down-regulated as a result of cleavage by calpain at the plasma
membrane. Moreover, when calpain action is inhibited (either by
calpeptin treatment or by deletion of the PEST motifs), RCP is
predominantly localized to vesicles in the vicinity of the plasma
membrane. This suggests that calpain cleavage is a necessary pre-
requisite for vesicles to fuse with the plasma membrane (Figure 6).

Calpain-dependent cleavage of their substrates results in either
the inactivation or the activation of the target proteins. For in-
stance, M-calpain cleavage of brain calmodulin-dependent phos-
phodiesterase results in its activation independently of calmodulin
[44]. In contrast, p53 cleavage by calpain suppresses its ability
to regulate gene expression [45–47]. As depicted in Figure 1, the
three PEST motifs in RCP are positioned between the two func-
tional domains (C2 domain and Rab-binding domain), in the
region of amino acids 182–347. Thus calpain cleavage at these
sites will cause separation of these two important functional do-
mains. An important question that arises is whether the two
resulting fragments have a functional role. For the C-terminus
of the protein, containing the RBD, it is possible that it may serve

Figure 5 RCP�PEST localizes to the plasma membrane

A431 cells were transfected with either pcDNA3.1/HisB-RCPWT or pcDNA3.1/HisB-RCP�PEST. At 24 h post-transfection, cells were fixed and immunostained with anti-Xpress antibody alone (A) or
in conjunction with anti-Rab11A antibody (C). Scale bar, 10 µm. (B) Proportion of cells displaying the two localization phenotypes. A total of 50 cells per transfection experiment were analysed and
scored into two groups according to their localization pattern (I, intracellular; P.M., plasma membrane) (see the Materials and methods section). Results are the mean percentages +− S.D. for three
independent experiments. (D) A431 cells transfected with the indicated construct were lysed, divided into two equal volumes and incubated in the presence or absence of 5 mM CaCl2 for 25 min at
room temperature. The samples were analysed by SDS/PAGE and immunoblotted with anti-RCP. The intensity of the bands corresponding to RCPWT and RCP�PEST were quantified and the percentage
degradation in the presence of calcium was calculated as described in the Materials and methods section. Results are the mean percentage degradation +− S.E.M. for three independent experiments.
*P < 0.01 (Student’s t test). On the right, a representative blot is shown (RCPWT, black arrow; RCP�PEST, black arrowhead; endogenous RCP, open arrow). The positions of the molecular-mass
markers (in kDa) are also indicated.
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Figure 6 Proposed model of RCP functional cycle

This model is based on findings presented in the present paper and in previous studies [14,24,49]. (1) Recycling cargo is transported to the plasma membrane in RCP- and Rab11-positive recycling
vesicles, created by budding from the ERC. These vesicles move along the microtubule cytoskeleton in conjunction with an as yet unknown motor protein. (2) Localized synthesis of phosphatidic
acid (PA) and PtdIns(3,4,5)P3 at the plasma membrane provides a signal for vesicle docking mediated by the C2 domain of RCP. (3) Vesicles are docked to the plasma membrane and RCP is then
cleaved by calpains (4), allowing the fusion of the vesicle with the plasma membrane (5).

as a Rab11 inhibitor and consequently as negative feedback of the
Rab11-dependent recycling process. Indeed, when a truncated
mutant of RCP, containing just the RBD, is expressed in HeLa
cells, a condensation of the TfnR compartment is observed and
Tfn recycling is inhibited [14]. It should be noted that we were
unable to detect degradation products of RCP either in vitro or
in vivo. A similar observation was made by Bordone and Campbell
[48] with DNA ligase III. Furthermore, our data demonstrating
that RCP- positive vesicles accumulate near the plasma membrane
under conditions where calpain activity is inhibited, suggest
that RCP cleavage acts in a positive fashion regarding the
tethering and/or fusion between the recycling vesicles and plasma
membrane.

The signals leading to calpain activation are still a matter
of debate, mainly because of the calcium requirement. As pre-
viously mentioned, the high concentrations of calcium required
to activate M-calpain in vitro are never achieved in vivo. Recently,
Glading et al. [38] demonstrated that M-calpain could be activ-
ated by calcium-independent phosphorylation mechanisms.
Indeed, these authors showed that ERK, activated by EGF, could
phosphorylate and subsequently activate M-calpain [38]. These
data are interesting in the light of our previous results demon-
strating that EGF promotes RCP translocation to the plasma mem-
brane and thus may serve as a signal for the RCP-positive re-
cycling vesicles to deliver their content to the plasma membrane
[24]. One possibility is that EGF could recruit calpain to the
site of RCP docking at the plasma membrane where it can then
cleave RCP.

In conclusion, we have demonstrated that RCP possesses three
PEST motifs, which function to target it for degradation. We

have shown further that this degradation is mediated by calpain
proteases, and is likely to occur at the plasma membrane. This
fits in with a model in which RCP–Rab11 complexes regulate the
transport of cargo from the ERC to the plasma membrane and,
upon delivery, RCP is down-regulated via proteolysis by calpains
(Figure 6). Our next avenue of investigation will be to identify the
specific calpain isoform(s) that target RCP and to determine
the signalling pathways that are involved.
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